For alloys that are quenched to 25˚C room temperature, there are Mg-Mg, Si-Si and Mg-Si clusters shown by exothermic peaks in a A357 alloy. However, there are no clear Mg-Mg, Si-Si and Mg-Si cluster exothermic peaks in a A356 alloy. Hence, the low Mg content in a A356 alloy has less impact with natural ageing. The natural ageing impact on the mechanical properties of a A357 alloy is higher than a A356 alloy due to the precipitation of Mg-Si clusters for which the nucleation size does not reach the critical size. The 90˚C pre-ageing process could promote Mg-Si clusters to a critical size to become the nucleation site for of β''. This then increases the artificial ageing strength and mitigates the impact of natural ageing.
Introduction
A356 and A357 aluminum casting alloys are widely used in the automotive and aerospace industries due to their good castability, wearability, corrosion resistance, weldability, and good strength to weight ratio etc. A356 and A357 alloys are heat treatable Al-Si-Mg hypoeutectic alloys. T6 artificial ageing can enhance their strength and hardness. This major heat treatment procedure includes solution treatment, quenching and artificial ageing. However, there is usually a waiting time between quenching and artificial ageing due to production schedule arrangements that will impact the follow up artificial mechanical strength. This waiting time was called pre-ageing. Natural ageing is pre-ageing at room tem-Journal of Materials Science and Chemical Engineering hours naturally pre-aged sample is approximately half of what is seen with a quenched sample.
Differential scanning calorimetry (DSC), APFIM/3DAP and TEM were used to study Al-Mg-Si and Al-Si-Mg alloy pre-ageing and artificial ageing. Mg is incorporated into the Si clusters very early in the precipitation sequence. The initial stage of precipitation during ageing of alloy 6061 at 70˚C involves the formation of small, separate Si and Mg rich clusters, then followed by movement of Mg atoms to the Si clusters [5] . The Al-Mg-Si alloy precipitation sequence is as follows: independent clusters of Mg and Si atomsco-clusters that contain Mg and Si atomssmall precipitates of unknown structureβ'' needle-shape precipitatesB' lath-shaped precipitates and β' rod-shaped precipitates [6] . Al-Mg-Si alloys DSC exothermal precipitations are studied and identified by TEM [7] [8] [9] [10] . There are 7 DSC exothermal peaks that are identified in a Al-Mg-Si alloy with high excess silicon. The suggested precipitation sequence is SSSSindependent Si and Mg atoms and clusters (peak 1)GP zones (peak 2)silicon rich phase (peak 3a)β'' (peak 3b)β' (peak 4)silicon precipitates (peak 5)β (peak 6) [11] . The DSC work on 6000-series alloy showed that the independent peak of clustering of Mg and Si atoms in the early stage of ageing was found at 30˚C ~ 110˚C. The GP zones of Mg and Si clustering precipitate in the range of 130˚C to 150˚C. The formation of β'' produces a strong exothermic peak at ~250˚C. β' and/or B' precipitates produce a peak at ~290˚C. The peak corresponding to Si precipitates was found at ~330˚C [11] [12] . The β Mg 2 Si precipitation temperature with different interpretation had a peak temperature from 380˚C to 450˚C [9] [10] . The suggestion of exothermic peaks in the temperature range of 30˚C to 110˚C was attributed to clustering of Mg atoms and co-clustering of both Mg and Si atoms. No significant Si clusters and Si precipitates were observed. Si precipitates only in over-aged casting alloys of A356 and A357 [4] . Metastable clusters, β'', β' and β phases are observed by DSC curves in which β'' precipitation plays the major role in improving hardness, but not β' precipitates. Increased Si content in the alloy had no obvious effect on the precipitation of β'' and B', but it did affect the formation of Si precipitates [12] . Lorella [13] suggest that room temperature pre-ageing 0 ~ 96 hours after quench will impact subsequent precipitation and reduce the hardness and strength 20% on a A356 alloy. The natural ageing process will cause a suppression in the formation of β'' phase during artificial ageing. This is due to the development of Mg and Si clusters that are stable at temperatures up to 180˚C. Clusters of Mg and Si transform into β'' phase at about 100˚C during artificial ageing.
Natural ageing suppresses the precipitation kinetics of the GP zones seen in artificial ageing, but pre-ageing at 70˚C increases the number density of the GP zones in the artificially aged alloy. This suggests that the GP zones formed in 70˚C during the preageing process conditions grow in the subsequent artificial ageing process, but the co-clusters formed by natural ageing are completely reverted [3] . The increase of natural ageing time at room temperature leads to a Journal of Materials Science and Chemical Engineering decrease in solute atoms and vacancies concentration in a solid solution. This results in a decrease in precipitation during subsequent heating processes. However, the pre-ageing will not impact the behavior of subsequent β'' phase precipitation. The pre-ageing at 120˚C could suppress the clustering process which is based on the suggestion that nuclei of β'' are formed during the pre-ageing process [10] [11] [12] . Edwards [5] [6] 
Experimental Procedure
Al-11Si, 6061 (Al-0.6Si-1Mg), A356 (Al-7.05Si-0.26Mg) and A357 (Al-6.95Si-0.63Mg) alloys were used in this study. The Al-11Si and 6061 alloys were bought from the commercial market. A356 and A357 alloys were cast in a steel mold with a 180 × 130 × 40 mm ingot size. The steel mold was baked to 400˚C before casting. The aluminum alloys were heated to 650˚C with the following nitrogen degas and de-dross treatment.
Test samples were treated at 540˚C for 6 hours solid solution, and then quenched in liquid nitrogen, 25 ˚C and 65˚C water, and 90˚C in a 5% NaOH solution, respectively. For 25˚C and 90 ˚C quenching, natural ageing samples were followed with 0, 48 hours or 15 days of 25 ˚C room temperature natural ageing treatment, respectively. On the other hand, in order to further investigate the effect of the 90˚C quenching process, A356 and A357 samples were quenched at DSC tester was utilized for calomeric testing. The temperature ramp rate was 10˚C/min, test sample heating range was from 40˚C to 572˚C. A 10 Ton MTS-810 test system was used and a ASTM B557-84 test standard was followed for tensile and elongation property measurement. The strain rate is 0.2 mm/min in the beginning. The strain rate is switched to 2 mm/min when strain reaches 1%. Table 1 shows the Sparc's analysis result of Al-11Si, 6061, A356 and A357 alloy compositions. These 4 selected alloys were generated for DSC analysis. On the A356 and A357 alloy samples, tensile property tests were also conducted. Mg Al-11Si DSC curve, there is an exothermal peak at 338.5˚C which peak is believed to be Si precipitation. There are 4 exothermal peaks at 81.8˚C, 251.9˚C, 301.9˚C and 498.3˚C for 6061 alloy. A357 has four exothermal peaks similar as well to the 6061 alloy, but in addition, there is an exothermal peak at 337.6˚C. Also, the 498.3˚C exothermal peak disappears when compared to the 6061 alloy.
Results and Discussions

Precipitation Behaviors of Alloys
The additional exothermal peak (337.6˚C) after β' precipitation is believed to be Si precipitation after comparison to the Al-11Si DSC curve which has a similar exothermic peak at 338.5˚C. Based on previous DSC studies [9] [10] [11] [12], the 81.8˚C is suggested to be Mg-Mg, Si-Si and Mg-Si clusters precipitation, the Cluster (peak 1), GP zone (peak 2), β'' (peak 3a and 3b), β' (peak 4) and Si precipitation exothermic peak (peak 5) for the alloy without natural ageing. The differences are that the Mg-Mg cluster endothermic peak and β exothermic peak (peak 6) cannot be identified. The alloy begins to melting at temperature of 535.2˚C as we can be found in Figure 4 . The cluster exothermal and endothermal volumes are reduced and also peak temperatures are increased for the alloy after 48 hours and 15 days natural ageing. However, the Si exothermal peak temperature was decreased along with natural ageing time increasing, then when superimposed with β' exothermal peak to be one exothermal peak for the sample W.-C. Chen et al. with 48 hours natural ageing. In natural ageing 15 day sample, the cluster exothermal peak temperature is increased and precipitation volume is reduced. From DSC thermalgram of alloy without natural ageing, the precipitation sequence is Mg-Mg, Si-Si and Mg-Si cluster precipitation, Mg-Mg cluster dissolution, GP zone precipitation and then β'' precipitation [2] . The Mg-Mg clusters dissolved at higher temperature, which could provide higher Mg solid solution supersaturation. Hence, the β'' exothermal precipitation peak temperature is lower and exothermal peak area is higher than the 48 hour and 15 day natural aged samples [9] . Along with the natural ageing time increase, the Mg-Si cluster exothermal peak temperature is increased, but its area is reduced. Simultaneously, at the Mg-Mg endothermal peak is reduced. The Mg-Si cluster exothermal peak temperature is increasing along with natural ageing time increase.
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The Mg-Si cluster is stable which is not dissolved along with DSC temperature increase. For 48 hours and 15 days natural aged samples, there are more Mg-Si stable clusters precipitated. This reduces Mg-Si cluster precipitation peak size and reduces the Mg-Mg cluster endothermal peak size as well. Due to Mg and Si supersaturation being reduced after natural ageing, the β'' exothermal peak size is reduced and its precipitation peak temperature is increased. Increasing the natural ageing time will cause Si exothermal peak temperature reduction. β' and Si exothermal peaks are superimposed to become one exothermal peak which shows up on the 48 hour natural aged DSC thermalgram. Along with natural ageing time increases, the Si exothermal peak temperature is reduced from 337.7˚C to 281.7˚C, β'', β' and Si are superimposed as one large exothermal peak.
These A357 DSC analysis curves agree with the previous study of Zhen [11] . Precipitation particles of samples without natural ageing are finer and denser than that of samples with natural ageing. Natural ageing will cause Mg-Si cluster precipitation but without dissolution which reduces Mg and Si supersaturation which then delays β'' precipitation [10] . Figure 5 shows the DSC analysis of A357 quenched to 90˚C for 0 and 48 hours and 15 days room temperature pre-ageing. Part of the Mg-Si cluster and β'' precipitation peaks overlap each other without natural ageing of the alloy.
When conducting 48 hour and 15 day natural ageing alloy samples, the Mg-Si cluster exothermal peak temperature increases along with natural ageing time increase and its β'' phase exothermal peak temperature is increased as well. However, the β' and Si precipitation exothermal peak temperature was reduced along with naturals ageing time increase which is caused by Si exothermal peak temperature reduction. The longer the natural ageing time, the more the Si exothermic temperature drops. A 90˚C quench promotes Mg-Si cluster precipitation. Natural ageing increases the Mg-Si cluster exothermal peak. A longer natural ageing time results in a higher Mg-Si and β'' precipitation temperature, as shown in Figure 4 and Figure 5 , respectively. Figure 6 shows the DSC analysis of A357 quenched to 90˚C for 0, 1, 2 and 24 hours, respectively. The Mg-Si cluster and β'' precipitation volume was reduced along with quench time increases. This suggests that the 90˚C quench could promote Mg-Si cluster and β'' precipitation. The β'' exothermal temperature increases with 90˚C preageing time increases due to Mg and Si solid solution supersaturation being reduced following the 90˚C pre-ageing increase. The β' precipitation exothermal peak increases along with 90˚C quench time increases. The Si precipitation exothermal peak is reduced from 340.1˚C to 329.2˚C along with 90˚C quench time increases from 0 to 24 hours. Figure 7 shows the DSC analysis of A357 quenched to 90˚C for 24 hours, then treated with 0 and 48 hours and 15 days natural ageing. The β'', β' and Si exothermal peak temperatures are similar even after different natural ageing. It is believed that 90˚C pre-ageing of 24hours could cause Mg-Si cluster and β'' precipitation which then reduces Mg/Si and vacancy supersaturation that eliminates the natural ageing impact.
W.-C. Chen et al. Based on the previous A357 study of Figure 4 and Figure 5 , the peak temperature decrease is due to Si exothermal peak temperature decrease with natural ageing. In the A356 alloy study of Figure 8 and Figure 9 , the Si exothermal peak temperature reduction is quicker than in A357. Figure 10 shows the A356 alloy quench at 90˚C for 0, 1, 2 and 24 hours, respectively, the β'' precipitation volume is reduced along with quenching time increases as well. Figure 11 shows the tensile properties of A356 and A357 alloys after 25, 65 or Figure 4 and Figure 9 . With both A356 or A357 alloys, the increase of quench temperature from 25˚C to 90˚C will result in a decrease in UTS, YS and an increase in elongation. This corresponds to a decrease in the Mg and Si supersaturation, usually associated with an increase in quench temperature.
Mechanical Properties of Alloys
The 90˚C pre-ageing can promote β'' precipitation if its immersion time is enough. Figure 6 (A357 alloy) and 10 (A356 alloy) demonstrate the longer the 90˚C pre-ageing time results, This results in more β'' precipitation which shows the β'' precipitation reduction on the DSC thermograms. Hence, the increase of 90˚C pre-ageing time in A356 and A357 alloys, from 0 (condition: 90˚C Quench + 24hr N.A.) to 1 (condition: 90˚C Quench 1hr + 24hr N.A.) hour, results in an increase in UTS and YS and a decrease in elongation, as shown in Figure 11 . The increase in UTS and YS and a decrease in elongation is explained by the higher β'' precipitation of A356 and A357 alloys using the longer 90˚C pre-ageing time.
Conclusions
Based on DSC analysis, the precipitation processes are as suggested below. a) For room temperature quench, but without natural ageing, the precipitation process is: SSSSMg-Mg/Si-Si clusterMg-Mg cluster dissolutionMg-Si cluster β''β'Siβ. b) For room temperature quench, but with long natural ageing, the precipitation process is: SSSS Mg-Si clusterβ''β'Siβ. c) For 90˚C quench and pre-ageing precipitation, the process is: SSSS Mg-Si cluster and β''β'Siβ. Natural ageing will induce Mg-Si cluster precipitation to consume supersaturation, which reduces artificial treatment mechanical strength. A 90˚C pre-ageing process will promote Mg-Si cluster precipitation to critical size and β'' precipitation to mitigate the natural ageing impact on artificial treatment. There is a minor natural ageing impact on A356 alloy cluster formation compared to A357 alloy, due to less Mg-Mg and Mg-Si cluster formation.
The Mg-Mg cluster will be dissolved before β'' precipitates in the alloys without natural ageing. The natural ageing will delay Mg-Si cluster, β'' and β' precipitation but promote Si precipitation. The 90˚C pre-ageing temperature will promote Mg-Si clusters and β'' precipitation directly. When increasing the 90˚C W.-C. Chen et al.
